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Abstract
Intermetallic precipitates formed in heat-treated and aged Mg-Zn and Mg-Zn-
Y alloys have been investigated via electron microscopy. Coarse spheroidal pre-
cipitates formed on deformation twin boundaries contained domains belonging to
either the MgZn2 hexagonal Laves phase or the monoclinic Mg4Zn7 phase. Both
phases are structurally related to the quasi-crystalline phase formed in Mg-Zn-Y al-
loys, containing icosahedrally coordinated zinc atoms arranged as a series of broad
rhombohedral units. This rhombohedral arrangement was also visible in intragran-
ular precipitates where local regions with the structures of hexagonal MgZn2 and
Mg4Zn7 were found. The orientation adopted by the MgZn2 and Mg4Zn7 phases
in twin-boundary and intragranular precipitates was such that the icosahedral clus-
ters were aligned similarly. These results highlight the close structural similarities
between the precipitates of the Mg-Zn-Y alloy system.
Keywords Magnesium-zinc alloys, Icosahedral clusters, Orientation relationships, In-
terfaces, hexagonal Laves phase, Complex metallic alloys
Introduction
Magnesium-zinc-yttrium alloys with Zn:Y ratios ∼6 precipitate an icosahedral quasi-
crystalline phase (i-phase) with composition Mg3Zn6Y [1, 2]. The binary Mg-Zn phases
formed in these alloys play a key role in the precipitation strengthening of both commercial
(ZK series) and experimental magnesium alloys. Aside from their industrial importance,
two of these phases, monoclinic Mg4Zn7 and hexagonal MgZn2, contain zinc-centred icosa-
hedral atomic clusters. This structural similarity to the i-phase has lead to these phases
being used as structural models for the quasi-crystalline phase [1].
The Mg4Zn7 phase (a=2.596 nm, b=0.524 nm, c=1.428 nm, β = 102.5
o [3] ) has been
shown to be structurally related to the i-phase [4] and to the decagonal phase in Mg-
Zn-Y alloys [5] and can co-exist with the decagonal phase with the orientation relation-
ship 10f ‖ [010]D2a(G) ‖ [−401] ; and D2b(F ) ‖ [102]. In Mg-Zn alloys the Mg4Zn7
phase adopts an axial orientation [010]Mg
4
Zn
7
‖ [0001]Mg. Matching between precipi-
tate and matrix lattice planes is more complex, with reports of (0110)Mg planes being
aligned with the (200)Mg
4
Zn
7
, (202)Mg
4
Zn
7
or (603)Mg
4
Zn
7
planes [6, 7]. The relationship
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(2110)Mg ‖ (201)Mg
4
Zn
7
has also been reported [8, 7]. It has recently been suggested
that two orientation relationships; [010]Mg
4
Zn
7
‖ [0001]Mg with (802)Mg
4
Zn
7
‖ (0110)Mg or
(603)Mg
4
Zn
7
‖ (0110)Mg may be sufficient to describe the relationship between the precip-
itate and matrix [9].
The MgZn2 phase (a=0.52 nm, c = 0.85 nm [10] has a C14 hexagonal Laves phase
structure and generally forms as plate-shaped precipitates on extended ageing. In this
form it adopts an orientation relationship [0001]Mg ‖ [0001]MgZn
2
; (1120)Mg ‖ (1010)MgZn2
[8, 11]. Less commonly, it has been reported to form as laths with [0001]Mg ‖ [1120]MgZn
2
;
(1120)Mg ‖ (0001)MgZn
2
[6] .
A recent work has reported that a C15 cubic Laves phase can also be found inside
β ′1 precipitates along with the previously reported hexagonal (C14) structure. The trans-
formation between the two phases was explained in terms of a synchroshear mechanism
whereby the stacking sequence of several layers within the hexagonal phase underwent
simultaneous displacements in the basal plane [12].
It has also been shown that the Mg4Zn7 and MgZn2 phases can co-exist in Mg-Zn-
Y alloys in both rod-shaped precipitates (commonly termed β ′1) [9] and larger, roughly
spheroidal twin-boundary precipitates [13]. The co-existence of these phases within indi-
vidual precipitates reconciles conflicting reports on rod-shaped precipitates in Mg-Zn(-Y)
alloys which have been described as either MgZn2 [10, 8, 14] or Mg4Zn7 [6, 7]. The
MgZn2-Mg4Zn7 interface was described as a largely continuous patterning of rhombohe-
dral units whose corners corresponded to the location of the icosahedrally coordinated
zinc atoms [13]. This indicates that the locations of the centres of the clusters remain
consistent across the interface, but did not address the issue of the location of the sur-
rounding atoms. These studies were conducted on Mg-Zn-Y alloys and while yttrium
has not been detected in either rod or shaped precipitates [7, 15], it was not possible
to conclusively rule out yttrium playing a role in altering the structures of Mg4Zn7 or
MgZn2. The present work has examined the orientation of the two co-existing phases in
both Mg-Zn and Mg-Zn-Y alloys to determine whether the orientation of the icosahedra
changes across the interface between MgZn2 and Mg4Zn7.
Experimental details
Magnesium alloys containing a) 3.0at.%Zn and b) 3.0at.%Zn and 0.5at.%Y were produced
via direct chill casting. The cast billet were homogenised for 15 h at 300 and 350oC, re-
spectively and extruded with extrusion ratio 12:1 at 300oC. Cylindrical samples machined
from the rod were encapsulated in helium, solution treated (400 or 300 oC, respectively,
for 1 h) and quenched in water. These samples were either aged directly or alternatively
compressed parallel to the extrusion direction to 3% plastic strain at a strain rate of
1×10−3 s−1 prior to ageing. This process of extrusion and compression served to generate
deformation twins in the magnesium matrix which acted as additional nucleation sites.
Twins were extremely rare (< 1% by volume) in equivalent samples not subjected to
compressive deformation. Ageing was conducted at 150oC in an oil bath for periods from
8h to 216 h.
Foils for TEM and HRTEM examination were prepared from samples prepared as
above, ground to ∼ 70µm thickness and finally thinned to perforation using a Gatan
precision ion polishing system. A JEOL 4000EX instrument operating at 400 kV was used
for all high-resolution transmission electron microscopy in this work. HRTEM images were
compared with multi-slice simulations performed on JEMS software [16] using pre-loaded
parameters for the JEOL 4000EX instrument. Structural models were constructed using
VESTA software [17].
Corrected proof 2
ORs between icosahedral clusters J. M. Rosalie, A. Singh, H. Somekawa & T. Mukai
Figure 1: A precipitate formed on a twin boundary in Mg-3%Zn showing domains of
the MgZn2 (upper region) and Mg4Zn7 (lower region) phases. Fast Fourier transforms of
each phase are inset. The electron beam is aligned along the [0001] axis of the matrix
(upper right potion of the field). The MgZn2 phase has orientation relationship (1120)Mg ‖
(1010)MgZn2 to the matrix, while the Mg4Zn7 phase has OR [010]β′1 ‖ [0001]Mg; (201)β′1 ‖
(1100)Mg.
Results
Transmission electron microscope (TEM) images showed a microstructure consisting of
rod-like β ′1 precipitates, aligned along the hexagonal axis of magnesium in foils of both
Mg-Zn and Mg-Zn-Y alloys. For samples deformed in compression to generate twins,
larger, roughly spheroidal precipitates were present at the twin boundaries. Plate-like
precipitates with (0001) habit (termed β ′2) were observed on occasion, particularly in
samples aged from longer periods. Ternary alloys also contained spheroidal intragranular
precipitates, whose appearance was consistent with that of the i-phase.
The precipitates on twin boundaries were divided into domains with structures of
either MgZn2 or Mg4Zn7 phase. Figure 1 shows a micrograph of a precipitate on a
twin boundary in Mg-3at.%Zn. Fast Fourier transforms (FFT) of the upper portion of
the precipitate show a structure corresponding to MgZn2, with orientation [0001]MgZn2 ‖
[0001]Mg; (1120)Mg ‖ (1010)MgZn2 to the matrix. This region is subdivided into a number of
domains. Fourier transforms of the lower portion of the figure show a structure resembling
that of Mg4Zn7 with OR [010]β′1 ‖ [0001]Mg; (201)Mg4Zn7 ‖ (1120)Mg. This arrangement
results in a close match between the (0110)MgZn2 and (201)Mg4Zn7 planes.
Structural models of the two phases for this orientation relationship are shown in Fig-
ure 2. The two phases have been draw with [010]Mg
4
Zn
7
‖ [0001]MgZn
2
and the (0110)MgZn
2
plane parallel to (201)Mg
4
Zn
7
as for the precipitate in Figure 1. Unit cell boundaries are
shown in dark type, with the rhombohedral arrangement of icosahedral clusters in the
monoclinic phase also indicated. Figure 2(a)(shows the Mg4Zn7 structure with the (201)
plane indicated by a thick dashed line. Zinc atoms close to the edges of the unit cell have
co-ordination number 12 [3] and define the centres of icosahedral clusters, as indicated in
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(a) (b)
Figure 2: Structural models of a) the Mg4Zn7 monoclinic phase and b) the hexagonal
MgZn2 Laves phase aligned as in Figure 1. a) shows the Mg4Zn7 structure with (201)
plane indicated by a dashed line b) shows the MgZn2 structure with the (0110) plane
indicated by a dashed line. Icosahedral clusters in each structure are aligned with 2-fold
axis i) normal to plane of the figure and ii) along the indicated planes. Icosahedral clusters
in the monoclinic phase are distorted due to the atomic size effect, with Mg being larger
than Zn.
the figure with their two-fold axes shown by dashed lines. These icosahedra are oriented
with one 2-fold axis parallel to [010]Mg
4
Zn
7
and a second 2-fold axis lying in the (201)Mg
4
Zn
7
plane. Figure 2(b) shows the hexagonal Laves phase structure where can be seen that
the icosahedra in both phases share the same orientation relationship with the matrix;
with one of the cube directions parallel to the hexagonal axis of magnesium and a second,
perpendicular 2-fold axis is aligned normal to the (201)Mg4Zn7 and (0110)MgZn planes. The
orientation relationship for these clusters can be described as; [0/0 0/0 /0/2] ‖ [0001]Mg;
[0/0 0/2 0/0] ‖ (1120)Mg with Cahn indexing.
The details of the structure could be more easily resolved in the intragranular precipi-
tates in thin regions of the foil. Figure 3 presents a high-resolution TEM micrograph of a
larger intragranular β ′1 precipitate in a foil of Mg-3.0at%Zn -0.5at.% alloy aged for 48h˙ at
150oC with the precipitates viewed in cross-section along the [0001] axis of magnesium.
The defocus condition is such that the icosahedrally coordinated zinc atoms show strong
contrast and their arrangement into rhombohedral units can be seen. Despite the pres-
ence of defects, this arrangement was largely continuous throughout well-resolved regions
of the precipitate. The precipitate includes regions were the structure can be described
as the MgZn2 C14 hexagonal Laves phase and Mg4Zn7 monoclinic phase. These regions
are separated by defects (indicated by asterisked arrows) where the stacking sequence and
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(a)
Figure 3: A high-resolution TEM micrograph showing a large intragranular precipitate
in a Mg-3.0at%Zn -0.5at.% alloy aged for 48h˙ at 150oC. The precipitate is viewed with
the electron beam aligned parallel to [0001]Mg. Zinc-sites corresponding to the centres of
icosahedral clusters show bright contrast and can be seen to be arranged as a series of edge-
sharing rhombohedra. There is considerable disorder within the precipitate and several
defects which appear to be linear in projection are indicated by asterisked arrows. These
gives rise to regions of rhombohedra with the monoclinic Mg4Zn7 structure straddling
the defect. Between these defects the structure is that of the hexagonal MgZn2 Laves
phase, with some regions which may correspond to a cubic Laves phase of the same
composition. Regions of each structure are indicated in the figure. Enlarged insets show
regions corresponding to the C14 hexagonal Laves phase (top left), Mg4Zn7 monoclinic
(bottom left) and the proposed C15 cubic Laves phase [12] (bottom right).
arrangement of rhombohedra changes. Defects were noted parallel to the (0001), (1010
and (2023) planes of the hexagonal Laves phase. Some regions appeared consistent with
presence of a MgZn2 C15 cubic Laves phase reported by Kim et. al [12], however, in the
absence of images along several additional zone axes it was not possible to definitively
identify this phase.
The continuity of the network of rhombohedra throughout the two structure indi-
cates that the atomic positions of the icosahedral zinc clusters and the orientation of the
rhombohedra were the same in both phases.
The experimentally-obtained images were compared with multi-slice image simulations
generated using JEMS [16]. Figure 4 shows HRTEM images and corresponding simulated
images for the three regions of the precipitate in Figure 3. The experimental images
are shown to the left (Figures 4(a,c,e)) with the corresponding simulation to the right.
The simulations are for a defocus of 24 nm and thicknesses of 27.9nm for the Laves phase
structures and 27.7 nm for the monoclinic phase. The relevant unit cells, atomic positions,
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Figure 4: Multi-slice image simulations of different regions of the precipitate shown in
Figure 3. Experimental images are shown to the left, with the rhombohedral tiling su-
perimposed. Simulations are shown to the right, overlaid with the atomic positions, unit
cell boundaries and rhombohedra tiling. The simulations shown are for a defocus of -8 nm
and thicknesses of 27.9nm for the Laves phase structures and 27.7 nm for the monoclinic
phase.
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unit and rhombohedral tiling have been superimposed on the simulations. The strongest
features in the experimental images (Figures 4(a,c,e)) are a series of intensity maxima
which correspond to the vertices of tiled rhombohedra. The three different regions of the
precipitate show clearly different arrangements of these sites which are well reproduced in
the simulations. The simulations (Figures 4(b,d,f)) predict local intensity maxima at Mg
sites close to the centres of the rhombohedra These are observable in some regions of the
experimental images, for example to the right in the C14 and monoclinic phase images
(Fig. 4(a,e)) In other regions and in the proposed C15 structure, weaker spots occur at
many sites midway between the strong intensity sites (i.e. the midpoints of the edges
of the rhombohedra, where a Zn atom is located in each structure.) This suggests that
while the rhombohedral sites are well-ordered there may be disorder, perhaps including
mixed-occupancy at other sites. It is also noticeable that the contrast in experimental
images changes where the orientation of the rhombohedra in the C14 hexagonal Laves
phase and monoclinic structure change.
Figure 5 shows structural models of the (a) hexagonal MgZn2 (b) cubic MgZn2. and
(c,d) the two different orientations of the Mg4Zn7 phase. present in the HRTEM image.
Several, differently oriented icosahedral clusters have been indicated (A-E) in each figure.
The two Laves phase structures have the orientation relationship; [1100]C14 ‖ [110]C15;
(0002)C14 ‖ (111)C15 Four differently oriented icosahedral clusters (A-D) are present in
the hexagonal phase, with three identically oriented icosahedra (B,C,D) also present in
a cubic Laves phase structure. For three of these ORs (A-C), the icosahedron is viewed
along a 2-fold (cube direction), with a second 2-fold axis directed along the edge of the
rhombohedron. These ORs will be of type [0/0 0/0 /0/2] ‖ [0001]Mg; with [0/0 0/2 0/0]
parallel to (0002)C14, (2023)C14 or (2023)C14 In the fourth OR, marked D, the 5-fold axis
is parallel to the hexad axis of Mg and lies in the viewing direction, with 2-fold axis along
edges of the rhombohedra and the OR will be [1/0 0/1 /0/0] ‖ [0001]Mg.
Two differently oriented variants of the Mg4Zn7 structure were present in the HRTEM
image and the constituent icosahedra in each phase share common ORs with those in the
two Laves phases. Figure 5(c) shows the monoclinic phase with the [100] direction rotated
approximately 6o clockwise from [0001]C14. In the second variant (201)Mg4Zn7 is parallel
to (2023)C14 In both instances icosahedra clusters (A-D) adopt identical orientations to
those in the hexagonal laves phase. For the present orientation of the three phases, there
is a very high correspondence between the alignment of the constituent icosahedra, and
hence the positions of the peripheral atoms in the zinc-centred clusters.
Discussion
Twin boundary and intragranular precipitates in Mg-Zn(-Y) alloys showed the presence
of hexagonal MgZn2 and Mg4Zn7 phases, with some indications of the presence of a C15
cubic Laves phase structure. HRTEM images and image simulations showed that within
individual precipitates the local arrangement of icosahedral zinc sites was consistent the
structures of these phases. The co-existence of hexagonal MgZn2 and Mg4Zn7 phases
as has recently been shown in ternary Mg-Zn-Y alloys [9, 13], however binary Mg-Zn
alloys had not been examined and it was not possible to preclude yttrium from playing
a role in the formation of these dual-phase precipitates. On the basis that co-existing
(hexagonal) MgZn2-Mg4Zn7 precipitates are also found in Mg-Zn alloys (as in Figure 1)
it can be argued that this phenomenon is not dependent on the presence of yttrium.
Despite the structural similarities between the i-phase and the Mg4Zn7 and MgZn2
phases, at present there is no evidence to suggest that the rod-like or twin-boundary
precipitates are ternary in nature. Similar arrangements of edge-sharing icosahedra were
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(a) (b)
(c) (d)
Figure 5: Schematics illustrating the orientation of the icosahedral zinc-centred clusters
in (a) hexagonal MgZn2 (b) C15 cubic MgZn2. and (c,d) two different orientations of the
monoclinic Mg4Zn7 phase. The icosahedra are viewed with either 5-fold or 2-fold axes,
parallel to the viewing direction, which corresponds to [010]Mg
4
Zn
7
or [1120](hex.)MgZn
2
.
The unit cell boundaries are indicated by solid black lines, and the rhombohedral units
by lighter lines.
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observed in binary and ternary alloys. Previous studies have not detected yttrium or rare
earth elements in the matrix or dendrites [7, 15] in Mg-Zn-(RE/Y) alloys. In addition,
Laves phases such as MgZn2 have been found to exhibit a finite solubility range only where
the metallic radii of the elements (ra/rB) was close to the ideal value of ≈ 1.225 [18]. In
the case of MgZn2, emprical values give rMg/rZn ≈ 1.11, close to the limits found for Laves
phases. In addition, the ternary elements which were found to be soluble in a Laves phase
were those with metallic radii between those of the two major elements. In the present
system, however, yttrium (180 pm) is larger in diameter that either Mg (150 pm) or Zn
(135 pm). Instead yttrium, which is only moderately soluble in magnesium, is thought to
segregate to the grain boundaries in the form of grain boundary precipitates such as the
quasi-crystalline i-phase (Mg3YZn6) [2].
Precipitates in Mg-Zn-Y alloys have been reported to form domains of the cubic and
hexagonal MgZn2 phases [12]. It was suggested that the transformation between the two
phases could be described by a process of synchroshear parallel to the basal plane of
the hexagonal phase in a process recognised for other Laves phases [19]. Recent work
on twin-boundary precipitates in Mg-Zn-Y alloys has shown that Mg4Zn7 and hexago-
nal MgZn2 phases can co-exist with the interface comprised of a transitional structure
similar to Mg4Zn7, but with the addition of additional rhombohedral units [13]. Stud-
ies of intragranular precipitates showed co-existence of the MgZn2 and Mg4Zn7 phases
at a much finer scale, with a largely continuous network of rhombohedra forming either
phase [9]. In each cases the interfaces could be described by edge-sharing rhombohedra,
allowing the two phases to maintain good correspondence between the locations of the
zinc-centred icosahedral forming the corners of the rhombohedral arrangement. Planar
defects along which the orientation of the rhombohedra changed marked the boundaries
between micro-domains of each phase.
The cubic and hexagonal Laves phase structures and the monoclinic phase contain
similar co-ordination clusters, consisting of 12-coordinate zinc-centred icosahedra. In the
present work, analysis of the HRTEM images showed that hexagonal MgZn2 and Mg4Zn7
domains in twin-boundary and rod-shaped precipitates were aligned so that at least one
series of these constituent icosahedra clusters also shared a common alignment. This align-
ment would also be shared by icosahedral clusters in regions adopting a C15 cubic Laves
phase structure. For an interface formed in such a manner, the peripheral atoms in the
icosahedral clusters would share common positions. The existence of a network of icosahe-
drally coordinated zinc atoms (as indicated by the continuous rhombohedral arrangement
of these atomic sites) with similarly oriented icosahedral clusters at the interface would
permit a high correspondence of atomic sites at a suitably aligned MgZn2-Mg4Zn7 inter-
face. This degree of atomic correspondence would allow domains of the two phases to
co-exist without large displacements of the peripheral atoms in the clusters. In essence,
the first co-ordination shell remains the same across the interface, with rearrangements
occurring at second-nearest neighbour positions. This feature may explain the apparently
ready co-existence of the Laves and monoclinic phases.
Conclusions
Both intragranular precipitates and precipitates formed on twin-boundaries in Mg-Zn and
Mg-Zn-Y alloys were investigated via high-resolution transmission electron microscopy.
Precipitates on twin-boundaries in both binary and ternary alloys were comprised of
domains with the structures of the Mg4Zn7 and hexagonal MgZn2 phases. These phases
had a rational orientation relationship with on another and with the magnesium matrix,
such that [0001]MgZn2 ‖ [010]Mg4Zn7 ‖ [0001]Mg; (0110)MgZn2 ‖ (201)Mg4Zn7 ‖ (1120)Mg.
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Intragranular, rod-shaped precipitates contained finer domains, with small regions having
the structures of the Mg4Zn7 and hexagonal (C14) MgZn2 phases, with some suggestion
of a cubic C15 MgZn2 phase.
An analysis of the twin-boundary and intragranular phases showed that a high propor-
tion of the icosahedral clusters in each phase shared a common alignment with one another
in which either 2-fold or 5-fold axes were parallel to the hexad axis of the magnesium ma-
trix. This orientation relationship between the clusters permits a high correspondence
between atomic sites at the MgZn2-Mg4Zn7 interface and may contribute to the ability of
the Mg4Zn7 and MgZn2 to co-exist at a nanometre scale.
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